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Phlebovirus) and severe fever with thrombocytopenia syndrome Virus (SFTSV) (Phlebovirus), 54
Crimean-Congo hemorrhagic fever virus (CCHFV, Nairovirus) (1, 2) . The characteristic 55 features of bunyaviruses include a tripartite single-stranded RNA genome of negative-or 56 ambi-sense polarity, cytoplasmic site of viral replication, and assembly and budding at 57 membranes of the Golgi complex (1-3). Bunyamwera virus (BUNV), the prototype of both 58 the family and the Orthobunyavirus genus, remains an important research model for many 59 pathogens within this family. 60
The medium (M) genomic RNA segment of orthobunyaviruses encodes the glycoprotein 61 precursor (GPC; in order Gn-NSm-Gc) that is cotranslationally cleaved to yield the mature 62 viral glycoproteins Gn and Gc, and a nonstructural protein NSm. Gn and Gc form viral spikes 63 that play a crucial role in virus entry (1, 2) . Both Gn and Gc are type I integral 64 transmembrane proteins and form a heterodimer in the endoplasmic reticulum (ER) prior to 65 trafficking to, and retention in, the Golgi compartment where virus assembly occurs (2, 4, 66 5). Bunyavirus glycoproteins are fusogenic and the fusion peptide is located on Gc, a class II 67 fusion protein (6), but cell fusion requires the co-expression of both Gn and Gc 68 glycoproteins (7). NSm, an integral membrane protein, comprises three hydrophobic 69
domains (I, III and V) and two non-hydrophobic domains (II and IV) (Fig. S1A) and its N-70 terminal domain (I) is required for BUNV replication (8). 71
Cleavage of BUNV GPC is mediated by host proteases, but the details of which 72 proteases are involved and the precise cleavage sites have not been clarified. Experimental 73 data on GPC processing has only been reported for snowshoe hare orthobunyavirus (SSHV); 74 the carboxyl terminus of SSHV Gn was determined by C-terminal amino acid sequencing to 75 be an arginine (R) residue at position 299 (9) (Fig. S1B ). Based on alignments of several 76 orthobunyavirus GPC sequences, it was suggested that Gn-NSm cleavage occurs at a similar 77 position to that defined for SSHV (10). This arginine (302R for BUNV) appears conserved in 78
GPCs of all orthobunyaviruses analyzed to date, and for most of the viruses lies in the 79 sequence R-V/A-A-R (Fig. S1C) , which has been believed as the site of Gn-NSm cleavage by 80
furin-like proteases (11). 81
In eukaryotes, most secreted and membrane proteins contain cleavable N-terminal 82 signal peptides (SPs), which are recognized by the signal recognition particles (SRP) when 83 nascent polypeptide chains emerged from the ribosome at ER and translocate it into the ER 84 lumen where they are usually cleaved by cellular signal peptidases (SPase) (12). The 85 imbedded peptide remnant is usually subsequently released for degradation by the cellular 86 signal peptide peptidase (SPP) or SPP-like proteases, which belong to the family of 87 intramembrane-cleaving aspartyl proteases (I-CliPs) (13-16). SPP is an ER-resident I-CliPs 88 (17) and is implicated in other important biological functions, such as in generating C-89 terminal peptides for MHC class I presentation (18) and human lymphocyte antigen E (HLA-90 E) epitopes (19). SPP activities also involve in the intra-membrane cleavage of the core 91 proteins of hepatitis C virus (HCV), GB virus B and classical swine fever virus (CSFV) (family 92 Flaviviridae) (20, 21) . 93
To investigate the cleavage events of orthobunyavirus GPC, we used several 94 approaches including mutagenesis, virus assays, RNA interference, mass spectrometry and 95 biological assays. We aimed to determine the cleavage sites between the boundaries of the 96 mature proteins, e.g. Gn and NSm, and NSm and Gc. Our data revealed the implementation 97 of the cellular SPase and SPP in the cleavage of BUNV GPC and clarified the mechanism of 98 orthobunyaviruses GPC cleavage. 99 100
Results

101
Gn-NSm Cleavage Does Not Occur at the RVAR Motif by Furin-like Proteases. We first 102 investigated whether the Gn-NSm cleavage takes place between residues 302R and 303R at 103 the RVAR motif (Fig. S1 ). Five mutations were generated at this site in the M expression 104 plasmid pTM1BUNM, including a deletion mutation (∆RVAR) and four substitution 105 mutations (MMKR, AAAA, RSLK and RRKR) (Fig. 1A) . These plasmids were transfected into 106 BSR-T7/5 cells and the radiolabeled viral proteins were immunoprecipitated with anti-BUN 107 serum followed by SDS-PAGE fractionation. Interestingly, like the wild-type (wt) BUNM 108 control, all mutated GPCs were cleaved into Gn, NSm and Gc (Fig. 1B) , suggesting this 109 location is not a cleavage site by furin-like proteases. Furthermore, the furin inhibitor I (dec-110 RVKR-cmk, Calbiochem) had no effect on the BUNV GPC cleavage (Fig. S2A ) and yields of 111 virus produced in the presence of the drug over 30 hrs (Fig. S2B) . 112
There exist eight residues between residues 302R and 311S at Gn-NSm junction ( Fig. S1  113 and Fig. 1C ). To investigate whether these residues harbor the Gn-NSm cleavage site, we 114 constructed six mutants that contain internal progressive deletions between residues 298L 115 and 311S (Fig. 1C) . As shown in Fig 1D, all mutated precursors were properly cleaved. 116
Moreover, the deletions resulted in the increased migration of Gn bands on the gel, with a 117 relative shift corresponding to the number of amino acids removed (lanes 3 to 8), 118
suggesting that these residues still belong to the Gn cytoplasmic tail (Gn CT) and the Gn- (www.cbs.dtu.dk/services/SignalP/) (22) the domain was predicted as a cleavable internal 124 SP that cleaves between residues 331G and 332T ( Fig. S3A and Fig.2A ). It has been reported 125 that the residues at the -3 and -1 positions relative to the SPase cleavage site are most 126 critical for cleavage by cellular SPase complex (23). Therefore, we generated a series of 127 mutant GPCs, including six substitution mutations at the -3 and -1 positions and one 128 substitution mutation in the core region of the domain (SPm) (Fig. 2A) . When the residues 129 at either -3 (329I) or -1 (331G), or at both positions, were changed to the charged arginine 130 (R), the NSm protein was not detected (Fig. 2B, lanes 2, 4 and 6) . However, substitution with 131 alanine at these positions and substitution mutation within the domain (SPm) did not affect 132
Gn-NSm cleavage (lanes 3, 5, 7 and 8) in that NSm was clearly seen. Furthermore, we 133 purified NSm protein from the cells infected with recombinant virus, rBUNNSmV5, in which 134 the V5-epitope was inserted in the NSm cytoplasmic domain (Fig. S3B) , for mass 135 spectrometric (MS) analysis and confirmed that the residue 332T is the first N-terminal 136 residues of NSm ( Fig. S3C and S3D) . 137
The effects of the mutations on glycoprotein function were also assessed with regard to 138 the Golgi trafficking and cell fusion activities. Consistent with the above observation, the 139 arginine substitutions at -3 and -1 position totally abolished Golgi targeting (Fig. 2C, panels  140 c, e, and g) and cell fusion (panels d, f and h), whereas alanine substitution had no effect on 141 either Golgi colocalization (panels l, o and r) or cell fusion (panels m, p and s). When these 142 mutations were tested for virus rescue, we were able to generate viruses from M segment 143 mutants containing alanine substitution mutations (rAEG, rIEA and rAEA), but not from 144 arginine substitution mutants. The rescued viruses showed similar plaque phenotypes to 145 the wt control (panels n, q and t). Taken together, our data confirmed that the NSm 146 domain-I functions as an internal SP NSm .
147
Mapping the C-termini of Gn Protein. After SPase cleavage of SP NSm at residue 332T, 148 the SP is still attached to the upstream Gn CT (preGn). To define the Gn end, we constructed 149 a series of individual Gn mutants that terminate between residues 298 to 332 (Fig. 3A) . 150
Consistent with the earlier results from internal deletions, the deletions from residues 312 151 to 298 resulted in the linear reduction in the molecular weight of Gn proteins (Fig. 3B, lanes  152 4 to 7) and Gn312 is comparable in size to wt Gn (comparing lanes 3 and 7), indicating that 153
Gn likely ends at residue 312 or nearby residues. However, deletions in SP NSm did not cause 154 a linear reduction in Gn molecular weights (lanes 8 to 10). It is noticeable that Gn317, which 155 contains only five remnant hydrophobic residues at the C-terminus, produced a smaller 156 band (about 25 kDa), which we believed to be a degradation product (lane 8). We also 157 compared the size of the intracellular and virion Gn proteins and found no difference (Fig.  158   3C ), confirming the intracellular and virion Gn proteins end at same position. 159
To confirm the subsequent processing of SP NSm upon SPase cleavage, we constructed a 160 mutated Gn (Gn308V5) with domain-I replaced with non-hydrophobic V5 epitope and a 161 further 6 residues from the Gc CT (QEIKQK) (Fig. 3A) . It is worth mentioning that the 162 unprocessed Gn332 (preGn) would be similar in size to Gn308V5 (35.33 v 35.12 kDa). As 163 anticipated, Gn308V5 runs at a higher molecular weight than wt Gn and the processed 164 Gn332 (Fig. 3D ), indicating that SP NSm was further processed from preGn. The preGn was 165 visible by Western blot (WB) analysis of V5-tagged Gn proteins (Gn-27V5 and Gn-86V5) as a 166 faint band above the predominant processed Gn protein (Fig. 3E) . Cell fusion assays with Gn 167 mutants (in co-expression with Gc) indicated that the extensive syncytia were formed only 168 from cells coexpressing Gc and Gn332 (PreGn), and any deletions in SP NSm diminished the 169 cell fusion (Fig 3F) , suggesting that the liberated SP NSm is required in cell fusion. 170 MS analysis of virion Gn protein identified 17S as the first residue of the processed Gn 171 protein (Fig. S4B ), but unable to confirm the Gn end, with the furthest C-terminal residue 172 was mapped to 303R ( Fig. S4C and SI Table ) , similar to the previously determined SSHV Gn 173 end (9). It is probably due to the fact that the newly identified Gn C-terminal residues (303 174 to 312) is rich in positively charged arginine and lysine residues being targets by trypsin-like 175 proteases (24). The terminal residues identified by MS are summarized in Table S1 . 176
NSm domain-V functions as an internal noncleavable SP Gc . Our previous study 177 suggested that NSm domain-V functions as a SP Gc (8). Indeed, the deletion of the domain 178 abolished Gc processing as no Gc protein was detected from the mutated BUNV GPCs that 179 contain whole or partial internal deletion in the domain (Fig. 4A, lanes 4 to 6) . To study 180 whether the domain undergoes any further processing as SP NSm , we compared the size of C-181 terminal truncated NSm proteins (based on pTmBUNGn-NSmV5) (Fig. 4B) . The deletions 182 resulted in the increased migration shift of NSm bands ( from Gn324 to Gn332 are comparable in size with wt Gn (lanes 6 to 11), but further deletion 210 towards Gn312 (in the case of Gn317 and Gn322) would interrupt the proper processing of 211
Gn protein (lanes 4 and 5), suggesting that the processing requires the stable SP TMD 212 structure. When these mutants were tested in cell fusion, we noticed that even removal of 213 two residues from SP NSm (Gn330) had a significant impact on syncytia formation and that 214 further deletions diminished the extent of cell fusion (Fig. 5H ). The data together indicated 215 that in addition to the role as SP, the liberated SP NSm has post-cleavage function. 216
Involvement of SPP in the Processing of BUNV GPC. As SPP is the ER-resident I-Clips, we 217
suspect that SPP is probably involved in the further processing of SP NSm . To address the 218 issue, we generated three lentiviruses that express small hairpin RNAs (shRNAs): two 219 specific to human SPP mRNA and one to EGFP (shGFP) as negative control. Both shSPP1 and 220 shSPP2 were able to inhibit the SPP expression in the transduced A549 cells (shSPP2 showed 221 a better silencing effect) (Fig. 6A ). We then examined the impact of SPP knockdown on 222
BUNV replication following low multiplicity infection of A549V cells (MOI of 0.01 pfu/cell). 223
WB analysis showed that the detection of BUNV N was delayed by 24 hrs in shSPP-silenced 224 cells compared with shGFP control (Fig. 6B ) and the virus titre in SPP-knockdown cells was 225 over 10-fold lower than controls across the infection period (Fig, 6C ). This indicates the 226 likely involvement of SPP in BUNV replication. In order to investigate if SPP is implicated in 227 replication of other bunyaviruses, we infected the transduced A549V cells with SBV 228 (Orthobunyavirus genus), RVFV (Phlebovirus genus) and Puumala virus (PUUV, Hantavirus 229 genus), and their N proteins and virus titres were determined by WB and plaque assay. A 230 significant inhibitory effect of SPP silencing was observed for SBV ( Fig. 6D and 6E ). For RVFV, 231
Inhibition was noticeable but to lesser extent than BUNV and SBV (not statistically 232 significant) ( Fig. 6F and 6G ). Significant inhibition of PUUV replication was observed for 233 PUUV replication in SPP-knockdown cells ( Fig. 6H and 6I ), but PUUV growth was inhibited to 234 a great extent in shGFP control cells than in SPP-knockdown cells, evidenced by the N 235 protein detection in SPP-knockdown cells but not in shGFP control at 72 hrs p.i. (Fig. 6H , 236 lane 7 at bottom panel of long exposure) and significantly lower virus titre in shGFP control 237 (Fig, 6I ). This pattern for PUUV is largely due to antiviral activity we found present in shGFP 238 lentivirus preparation (Fig. S5A) , to which PUUV is more sensitive to the inhibitory effect on 239 virus replication than BUNV to the inhibition effect (Fig. S5B) . 240
The inhibitory effect of SPP knockdown on BUNV infection was also visualized using a 241 recombinant virus (rBUNGc-eGFP) with eGFP fused to Gc (3). Naïve Huh7 cells and cells 242 expressing shSPP2 were infected with rBUNGc-eGFP (MOI of 0.01), and cells were examined 243 at 10, 24 and 48 hrs p.i. by fluorescence microscopy. Production of eGFP-tagged Gc, and 244 hence production of progeny virus particles, was observed in naïve cells at 10 hrs p.i. and 245 virus spread to adjacent cells was clearly evident at 24 hrs p.i. All cells were infected by 48 246 hrs p.i. (Fig 6J, panels a to c) . In SPP-knockdown cells, the eGFP-tagged Gc was not observed 247 until 24 hrs p.i., and the spreading to neighboring cells was still limited at 48 hrs p.i. (panels 248 d to f). 249
Discussion
251
The cleavage between BUNV Gn and NSm has long been thought to occur at the amino 252 acid motif RV/AAR, which is conserved in several orthobunyaviruses (10, 11) and fits the 253 minimum furin cleavage site (RXXR)(28). However, as the furin-like proprotein convertases 254 (PCs) process substrates in the lumen of the Golgi complex and endosome or at the cell 255 surface (29), it is unlikely that the RxxR motif in the Gn CT can be accessed by these 256 proteases. Moreover, some members of the genus Orthobunyavirus, such as Wyeomyia 257 virus (WYOV), SBV and OROV lack the RxxR motif (Fig. S1C ). In fact, we have proven that the 258 motif and the downstream eight residues (residues 303 to 310) are still part of Gn CT. In the 259
Bunyaviridae family, the furin-like protease is involved in the GPC processing of CCHFV 260 (Nairovirus genus) for generating a 38-kDa NSm protein, whereas the CCHFV furin site is 261 located at the ectodomain of pre-Gn protein (30). and SBV infection in SPP-knockdown cells. We also assessed the impact of SPP knockdown 269 on two other bunyaviruses, RVFV (Phlebovirus) and PUUV (Hantavirus). SPP knockdown had 270 no significant inhibitory effect on RVFV infection, whereas it inhibited PUUV infection. 271
However, as PUUV replicated less efficiently in the shGFP-induced cells, we were unable to 272 draw a clear conclusion. Some lentivirus expressing shRNAs can trigger IFN activation(31) 273 and the effect of siRNA on innate immunity is sequence and structure related (32). It should 274 be mentioned that the coding strategies and sizes of products encoded by M segments of 275 the viruses in the family are very divergent and thus it is plausible that the precursor 276 processing differs from genus to genus. 277
Besides its role as a SP, we provide evidence that the liberated SP NSm has post-cleavage 278 function in cell fusion. We speculate that the liberated SP NSm is likely incorporated into the 279 virion by interacting with one of viral glycoproteins upon cleavage by SPP, which is probably 280 required for that interaction. However, we were unable to find the peptide from the 281 purified virus particles by MS analyses, perhaps due to the technical challenge for the 282 reason of the small size and hydrophobicity of the domain. Another possibility is that the Gn 283
CT is modified during the processing of SP NSm by SPP and that modification might be crucial 284 for glycoprotein activities. Whatever the cases, it seems that the sequence specificity of 285 NSm. The new topology model of mature Gn, NSm and Gc proteins is illuminated in Fig. 7B . 299
Gn and Gc proteins are type I transmembrane proteins and NSm is a two-membrane-300
Materials and Methods
309
The materials and methods are described in SI Materials and Methods. Statistical Analysis. Data were expressed as the mean and SD. The P value and statistical 321 significance of difference was analyzed by using unpaired t test with GraphPad 6 software. 322 *P value < 0.05, significant; **P< 0.01, very significant; ***P <0.001, extremely significant. residues 403 and 420 of the NSm coding region (Fig. S3B) . The substitution and internal 406 deletion mutations in BUNV GPC (in the backbone of either pTM1-BUNM for high 407 expression or pT7riboBUNM for virus rescue) were generated by PCR-directed mutagenesis 408 on the appropriate parental templates. 409
A series of individual Gn expression plasmids (pTM1BUNGn298 to Gn332) were derived 410 from pTM1BUNM (Fig. 3A) and Gn-NSm expression plasmids (pTM1BUNGn-NSmV5-454 to 411 476) were derived from pTM1BUNM-NSmV5 (Fig. 4A) , in which the V5 epitope is inserted in 412 the NSm cytoplasmic domain (IV) between residues 403 and 420 (Fig. S4B) . The V5 tagged 413 The purification of BUNV particles was described previously (4). 473
Preparation of BUNV Glycoprotein Gn, Gc and NSm Proteins. BUNV NSm
474
protein was purified from lysate of the rBUNV-NSmV5 infected cells using anti-V5 Affinity 475 gel (biotool.com). Briefly, BHK-21 cells were infected with rBUNV-NSmV5 and cells were 476 harvested 48 hrs p.i. when cells showed obvious cytopathic effect (CPE). The cell pellet was 477 lysed with non-denaturing RIPA buffer and mixed with anti-V5 Affinity bead. The V5-tagged 478
NSm protein (NSmV5) was separated by 15% Tris-glycine SDS-PAGE (Fig. S3C) . For 479 preparation of BUNV Gn and Gc proteins, the purified BUNV particles were separated by 480 12.5% Tris-glycine SDS-PAGE and stained with Coomassie Brilliant Blue G-250 solution (Fig.  481   S3E ). Gn and Gc bands were excised for mass spectrometric analysis. 482
Mass Spectrometric (MS) Analysis. Protein bands were cut into 1mm cubes, which
483
were then subjected to in-gel digestion with either glutamyl endopeptidase (GluC) (NEB), 484
AspN (NEB) or trypsin (Promega) by a ProGest Investigator in-gel digestion robot (Genomic 485
Solutions, Ann Arbor, MI) using standard protocols (43). Briefly the gel cubes were de-486 stained by washing with acetonitrile and subjected to reduction and alkylation before 487 digestion with endoproteinase at 37°C. The peptides were then extracted with 10% formic 488 acid and concentrated down to 20 µL using a SpeedVac (ThermoSavant). In some GluC 489 digestions of Gn protein PMSF (1mM) was added to prevent any trypsin-like proteolytic 490 cleavage. The peptides were then separated on an Acclaim PepMap 100 C18 trap and an 491
Acclaim PepMap RSLC C18 column (Thermo Fisher Scientific), using a nanoLC Ultra 2D plus 492 loading pump and nanoLC as-2 autosampler (Eksigent). The peptides were eluted with a 493 gradient of increasing acetonitrile, containing 0.1 % formic acid (5-40% acetonitrile in 5 min, 494 40-95% in a further 1 min, followed by 95% acetonitrile to clean the column, before 495 reequilibration to 5% acetonitrile). The eluate was sprayed into a TripleTOF 5600+ 496 electrospray tandem mass spectrometer (Sciex) and analyzed in Information Dependent 497 Acquisition (IDA) mode, performing cycles of 250 msec of MS followed by 100 msec MSMS 498 analyses on the 15 most intense peaks seen by MS. The MS/MS data file generated via the 499 'Create mgf file' script in PeakView (Sciex) was analyzed using the Mascot algorithm (Matrix 500 Science), against an internal database to which the amino acid sequence of the BUNV 501 glycoprotein precursor (Accession number P04505), had been added, with GluC, AspN, or 502 trypsin as the cleavage enzyme and carbamidomethyl as a fixed modification of cysteines 503 and methionine oxidation and deamidation of glutamines and asparagines as a variable 504 modifications, followed by an 'error tolerant' search, to look for peptides where only one 505 end conforms to the enzyme specificity criteria, in order to delineate the C-terminal peptide 506 .GFKSLRRKRRLCKSKGS.
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